Abstract. ß-Galactoside a2,6-sialyltransferase (ST) is a type II integral membrane protein of the Golgi apparatus involved in the sialylation of N-linked glycans . A series of experiments has shown that the 17-residue transmembrane domain of ST is sufficient to confer localization to the Golgi apparatus when transferred to the corresponding region of a cell surface type II in-
transferase I (NTI), ß-1,4-galactosyltransferase (GT), and c12,6-sialyltransferase (ST)have beenlocalizedto themedial-, trams-cisternae, and the trams-cistemae/TGN, respectively (Dunphy et al ., 1985; Roth and Berger, 1982; Roth et al., 1985; Chege and Pfeffer, 1990 ) . Despite our current knowledge about the morphology, organization, function, and composition of the Golgi apparatus, the mechanism for establishing and maintaining the highly ordered Golgi structure is poorly understood, and very little is known about the signals that mediate the Golgi localization of its resident proteins.
Previous studies have shown that a catalytically active fragment of ST is secreted Jamieson, 1988, 1989; Paulson and Colley, 1989) . Further experiments also showed that a 41--43 kD fragment of ST could be released from Golgi membranes by endogenous cathepsin D-like protease (Lammers and Jamieson, 1988; Weinstein et al ., 1987) . This 41-4341) fragment is not anchored in the membrane but is still enzymatically active . Protein sequencing analysis has established that this fragment is released by cleavage between residues 62 and 63 (Weinstein et al ., 1987) . It seems that the secreted form of ST is also the result of cleavage around this site . When fused to a cleavable signal sequence, an enzymatically active ST fragment from residue 58 to the COOH terminus is secreted in transfected cells . These observations suggest that the NH2-terminal region of ST is necessary for membrane anchorage and Golgi localization Paulson and Colley, 1989) .
In this report, we have fused different regions of the NH2-terminal ST sequence to the ectodomain of dipeptidyl peptidase IV (DPPIV), a type 11 surface membrane protein (Hong and Doyle, 1990; Ogato et al ., 1989) to study their abilities in conferring Golgi localization ofthe chimeric proteins. We found that the 17-residue transmembrane domain of ST is sufficient for Golgi localization and that this se-Native and Chimeric cDNA DPPIV. A 3 .2-kbp EcoRI cDNA fragment encoding for DPPIV in the pGEM-4Z vector (its 5' end facing the Sp6 promoter) has been described (Hong and Doyle, 1988) . Tb facilitate the construction of chimeric cDNA, the recombinant plasmid was digested with the restriction enzymes XhoI and BamHI, blunt ended, and then self-ligated . This resulted in the deletion of most of the 3'-untranslated region of DPPIV cDNA . The resulting construct was referred to as pGEM/D4S) . This process resulted in the creation of a unique EcoRl site at the 5' end and unique Xhol, XbaI, Sall, and HindIII sites at the 3' end of the DPPIV coding region . There is a unique Nod site in the codons for residues 33-35 in the DPPIV cDNA . The 5' unique EcoRl site and this Nod site were used to replace the DNA sequence encoding for the N112-terminal 32-residue sequence of DPPIV with various DNA sequences encoding for different N112-terminal ST sequences .
ST A cDNA clone of unknown identity was obtained by screening a rat kidney kgtll cDNA library with polyclonal antibodies against rat Golgi WGAbinding proteins . Limited sequence analysis established that it encodes for ST. To facilitate the analysis, oligonucleotides 1 and 2 were used to retrieve the ST coding region by polymerase chain reaction (PCR) . The PCR product was digested with Xhol and inserted into the Xhol site of pGEM-11Z(+) with its 5' end facing the Sp6 promoter.
S64D. Oligonucleotides 1 and 3 were used to retrieve ST cDNA encoding for the N112-terminal 64-residue sequence by PCR . The PCR product was digested with EcoRI and Nod and used to replace the 5' EcoRI-NotI sequence of DPPIV in pGEM/D4S. The resulting chimeric cDNA thus encodes for the fusion protein S64D .
S51D. Oligonucleotides 1 and 4 were used to create chimeric cDNA for fusion protein S51D as described above for S64D.
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S40D. This was constructed as above using oligonucleotides 1 and 6. S33D. Oligonucleotides 1 and 7 were used to construct chimeric cDNA for S33D the same way as described above for S64D.
S27D. This was created as above using oligonucleotides 1 and 8. S26D. Oligonucleotides 1 and 9 were used to construct the chimeric cDNA for S26D.
S9D. Oligonucleotides 10 and 11 were used to modify DPPIV cDNA by PCR (DPPIV cDNA as template) . The PCR product was digested with XhoI and inserted into the Xhol site of pGEM-11Z(+) . This process resulted in the substitution of DPPIV cytoplasmic domain by that of ST. S10-33D. Oligonucleotides 7 and 9 were used by PCR (ST cDNA as template) to create a cDNA fragment that encodes a protein fragment in which the NH2-terminal 6-residue cytoplasmic domain of DPPIV was fused to an ST sequence from residue 10 to 33 . The resulting PCR fragment was digested with EcoRl and Nod and used to replace the 5' EcoRI-NotI region of DPPIV cDNA . S10-26D. Oligonucleotides 9 and 12 were used by PCR (ST cDNA as template) to create a cDNA fragment . After digesting with EcoRl and Nod, this PCR fragment was used to replace the EcoRI-Notl region of DPPIV cDNA . This created the chimeric cDNA encoding for S10-26D. S27-33D. Oligonucleotides 13 and 14 were used by PCR (DPPIV cDNA as template) to create a DNA fragment . The PCR product was digested with EcoRI and Nod and used to replace the EcoRI-Notl region in pGEM/D4S . The resulting chimeric cDNA encodes for S27-33D.
Chimeric cDNAs (mainly the ST and fusion regions) were all confirmed by DNA sequencing in pGEM vectors . The resulting chimeric cDNAs all have a unique XhoI site in both 5' and 3' ends . For insertion into pRSN, they were digested with Xhol to retrieve the chimeric cDNA and ligated into the Xhol site of pRSN. The right orientation was verified by restriction enzyme digestion and direct DNA sequencing of the 5' region (200-300-bp sequence) with oligonucleotide No. 15, which hybridizes to the sequence before the Xhol site of the pRSN vector. Insertion of DPPIV cDNA into pRSN has been described previously (Low et al ., 1991a,b) .
Cell Culture MDCK (strain 11) cells were a generous gift from Dr. K . Simons (European Molecular Biology Laboratory) . MDCK and the transfected cells were cultured as before (Low et al ., 1991b) .
Transfection ofCells
This was performed as described previously (Low et al ., 1991b) .
Immunofluorescence Microscopy
Cells grown on coverslips were washed twice with PBS containing 1 mM CaC12 and 1 MM M9C12 (PBSCM), and then fixed with 2 .7% paraformaldehyde in PBSCM at 4°C for 60 min. The fixed cells were washed once with PBSCM, twice with PBSCM containing 50 mM NH2Cl, and then three times with PBSCM (5-10 min each) . The cells were either not permeabilized for surface staining or permeabilized with 0.1% saponin in PBSCM for 15 min for total staining (surface plus intracellular) . mAbs (ascitic fluid), diluted 1 :1,000 in fluorescence dilution buffer (PBSCM with 5 % normal goat serum, 5 % FBS, and 2 % BSA, pH 7.6) were added to the cells and incubated at room temperature for 60-120 min . After washing six times with PBSCM (5-10 min each), the cells were then incubated with goat anti-mouse IgG conjugated with FIX (10 pg/ml) for 60-120 min . After washing, the cells were mounted in 90% glycerol in PBS, pH 8.0, containing 1 mg/ml p-phenylenediamine, observed using the Axiophot microscope (Carl Zeiss, Inc ., Thornwood, NY) equipped with epifluorescence optics and photographed with Kodak Tri-X 400 film . Diluted mAbs and goat anti-mouse IgG conjugated with FIX were spun down at 4°C for 10 min (14 krpm in a microfuge) before use .
For colocalization with WGA, cells were first incubated with 0 .5 mg/ml WGA for 60 min on ice to block surface WGA binding sites . After a brief rinse with PBSCM, the cells were fixed and permeabilized as above . Cells were then incubated with rhodamine-WGA (2 .5 mg/ml) in PBSCM for 60 min . After washing, the cells were fixed again to immobilize the bound rhodamine--WGA . After WGA staining, the cells were sequentially incubated with monoclonal antibodies against DPPIV and goat anti-mouse IgG-FITC. The coverslips were then processed and observed as above .
Metabolic Labeling of Cells
Cells were washed twice with PBSCM and then incubated for 45 nun at 37°C inmethionine-freemedium supplemented with 10% dialyzed FBS (labeling buffer). The cells were then pulse-labeled with [35 S]methionine (1 mCi/ml in labeling buffer), washed, and chased in medium containing excess cold methionine (100 mg/liter) for various times as detailed in each figure. For assessing the surface expression, cells were grown on Transwell filters so that the entire surface was maximally exposed for biotinylation. Cells grown on Transwell filters were similarly labeled with ( 35 S]methionine.
Cell Surface Biotinylation
This was performed as described (Le Bivic et al., 1990a,b; Low et al., 1991a,b) . Briefly, cells grown on Transwell filters were washed four times with PBSCM (5-10 min each) on ice. The entire surface was biotinylated by adding to both the upperand lower chambers 1 ail of PBSCM containing s-NHS-biotin (0.5 mg/ml diluted from 200 mg/ml stock in DMSO) . The biotinylation was performed twice on ice (15) (16) (17) (18) (19) (20) min each) and stopped by repeated washing with PBSCM containing 50 mM NH4Cl and medium with 10% FBS.
Immunoprecipitation and Recovery of Biotinyaated Proteins
These were performed exactly as described previously (Low et al., 1991a,b) .
Endo HTreatment
The immunocomplex on Sepharose beads was resuspended in 300 Al of 0.1 M sodium citrate, pH 5.5, 0.1% Triton X-100, 0.1% 0-mercaptoethanol, 100 mg/ml aprotinin, and 1 mM CaC12. 10 mU of endo H was then added. After overnight incubation at 37°C, the beads were recovered and lysed in 80 Al SDS sample buffer followed by SDS-PAGE.
Lectin Af finity Chromatography
Immunoprecipitated proteins were eluted from beads by boiling in 80 Al SDS sample buffer (without ß-mercaptoethanol) followed by dilution in several milliliters of lectin buffer (40 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM CaC12, 1 mM MgC12, and 1 MM MnC12). An aliquot of this was incubated withthe various lectin-agaroses (120 Al slurry) for 60-120 min. After extensive washing, the bound materials were eluted by boiling in SDS sample buffer and analyzed by SDS-PAGE.
In Vitro Translation and Sodium Bicarbonate Treatment These were performed as described previously (Hong and Doyle, 1990) .
SDS-PAGE and Analysis ofFluorography
These were carried out exactly as described before (Low et al., 1991a) .
Results
Localization ofS33D and S64D to the GolgiApparatus ST is a 47-48-kD integral membrane protein oftype II orientation (single transmembrane domain with its NH2 terminus in the cytosol and the COOH terminus in the lumen of the Golgi apparatus) Weinstein et al., 1987; our unpublished observations) . The NH2-terminal 65-residue sequence of rat ST is shown in Fig. 1 (from residue 63 to the COOH terminus) to the transmembrane domain .
To determine the minimum sequence ofthe N112-terminal region of ST that is sufficient for membrane anchorage and Golgi localization, we have constructed a series of chimeric cDNAs which encode different fusion proteins ( Fig. 1 B) , with decreasing lengths of the N112-terminal ST sequence fused to the ectodomain of DPPIV . The NH2-terminal 35-residue sequence of DPPIV is also shown in Fig . 1 A (D4) . Previous studies have shown that the N112-terminal 34-residue sequence of DPPIV is the signal/anchor sequence (Hong and Doyle, 1990) . The first set of experiments resulted in the construction of chimeric cDNAs encoding for fusion proteins S64D, S5 1D, S46D, S40D, S33D, and S27D in which the same ectodomain of DPPIV (from residue 33 to the COOH-terminus) was fused to the N112-terminal 64-, 51-, 46-, 40-, 33-, and 27-residue sequence of ST (Fig. 1 B) . In vitro translation studies demonstrated that all ofthem, except for S27D, were efficiently anchored in the membrane. The results for S27D and S33D are shown in Fig. 2 . Results similar to S33D were obtained for S64D, S51D, S46D, and S40D (data not shown) . These results demonstrated that the NH2-terminal 33-but not 27-residue sequence of ST is sufficient for membrane anchorage. Since S27D was not anchored in the membrane, it was not pursued further.
To examine the role in Golgi localization of the ST sequence in the remaining five fusion proteins, the respective chimeric cDNAs were inserted into the eukaryotic expression vector pRSN (Low et al., 1991a,b) and transfected into MDCK cells . Stably transfected cells were found to express the desired fusion proteins. Since similar results were obtained for all the five fusion proteins, only the results obtained for fusion proteins S64D and S33D are shown.
Pulse-chase experiments were performed to follow the intracellular transport of S64D and S33D (Fig. 3 A) . As shown, a 100-kD protein was specifically detected in the pulse-labeled cells expressing S33D. As chase proceeded, this 1004D form was converted into a 110-kD form. This conversion was very efficient, as all newly made 100-kD molecules were converted into the 110-kD form within 90 min of chase . In cells expressing S64D, a 105-kD form was initially detected in pulse-labeled cells and this form was converted into a 115-kD form during the chase period. A majority of the 105-kD form was converted into the 115-kD form after 90 min of chase, although a small amount of the 105-kD form was still observed . Endo H treatment ofimmunoprecipitated proteins (Fig. 3 B) showed that the 100-kD form ofS33D and the 105-kD formofS64Dwere mainly converted into 80-and 85-kD polypeptides, respectively, which were of the same size as the respective polypeptides without any glycosylation (produced by in vitro translation without microsomes) . This result suggests that all the N-linked glycans (about 7-8 N-linked glycans, but no detectable 0-linked glycans, were present in the ectodomain of DPPIV [Hong and Doyle, 1988 ; Hong et al., 1989] ) attached to the 100-kD form of S33D and the 105-kD form of S64D were essentially sensitive to endo H and that they represent the newly made proteins in the ER bearing N-linked glycans of the highmannose type. The size of the 110-kD form of S33D was reduced by 4-5-kD after endo H treatment, suggesting that about two of the N-linked glycans in the polypeptide were of the high-mannose type while the remaining N-linked glycans (N5-6) were resistant to endo H. For the MAD form For fusion proteins, they were named SxD (in which the NH2-terminal X-residue sequence of ST was fused to the ectodomain of DPPIV) or SxyD (in which the ST sequence from residue x to y was used to replace the corresponding region of DPPIV) . For membrane anchorage, + and -indicates that the majority of the protein is membrane anchored or not, respectively, as assessed by in vitro translation experiments. For cellular localization, Sand Grepresent surface or Golgi localization, respectively, as examined by indirect immunofluorescence microscopy, while nd indicates "not determined" because of theirnonanchorage in the membrane.
Figure 2. Membrane anchorage of selected fusion proteins . The mRNA for the fusion protein was translated in rabbit reticulocyte lysate supplemented with microsomes as described previously Doyle, 1988, 1990) . 10 pl of total translation reaction was diluted with 100,u1 of sodium bicarbonate, pH 11 .0, and the membrane-associated proteins (P) were separated from those extractable by this treatment (S) . Samples equivalent to 4 gl of original translation were analyzed forboth P and S fractions. The 80-kD polypeptide is the untranslocated form, while the 100-kD polypeptide is the translocated N-glycosylated form for the respective fusion proteins . of S64D, a 2-3 kD size decrease was observed after endo H treatment, suggesting that one of the N-linked glycans was a high-mannose type while the rest (-6-7) of the N-linked glycans were endo H resistant . These results demonstrate that the majority of the N-linked glycans in the 110ÁD form of S33D and the MAD form of S64D had been modified by enzymes in the medial-Golgi cisternae . These results therefore show that both fusion proteins were transported efficiently from the ER to the Golgi apparatus and that they were localized in the medial-and/or post-medial-Golgi compartment.
Indirect immunofluorescence microscopy was used to determine the cellular localization of these fusion proteins Cell lysates were immunoprecipitated with monoclonal antibodies to DPPN and the immunocomplexes were analyzed by SDS-PAGE and fluorography. The smaller-and the larger-sized bands represent the ER and Golgi forms, respectively. (B) Endo H treatment of fusion proteins S33D and S64D. Cells expressing the respective fusion proteins were labeled with PIS]methionine for 30 min followed by 30 min of chase . After being immunoprecipitated, half of the sample was treated with endo H (+ ) while the remaining half was processed in an identical way except that no endo H was included (-) . (Fig . 4 A) . An intense staining signal was detected on the surface of MDCK cells expressing normal DPPN (A) . A similar staining pattern was observed for normal DPPIV in permeabilized cells (B) except that some perinuclear signal was also detected . The perinuclear staining most likely represents molecules in transit through the Golgi apparatus . In contrast, only background staining was observed on the surface of cells expressing S33D (C) and S64D (E) . When the cells were permeabilized, intense perinuclear vesiculartubular staining was detected in the cells expressing S33D (D) and S64D (F) . This pattern of intracellular staining is typical for the Golgi apparatus (Lipsky and Pagano, 1985 ; Louvard et al., 1982; Saraste et al., 1987) , suggesting that S33D and S64D are predominantly localized to the Golgi apparatus .
To further confirm the Golgi localization of S33D and S64D, colocalization of S33D or S64D with intracellular WGA binding sites was carried out . Intracellular WGA binding sites are present predominantly in the Golgi apparatus (Lipsky and Pagano, 1985 ; Tartakoff and Vassalli, 1983) . As shown in Fig . 4 B, the staining for S33D (A) and S64D (C) colocalized well with that for WGA binding sites (B and D) . These results demonstrated that S33D and S64D were indeed localized to the Golgi apparatus .
Localization ofS33D and S64D to the Trans-Golgi Cisternae and/or TGN The results obtained from pulse-chase and endo H treatment experiments suggest that S33D and S64D were present in the medial-and/or post-medial-Golgi cisternae . The indirect fluorescence microscopy demonstrated that they were localized in the Golgi apparatus . To further determine the compartment of their localization, their N-linked carbohydrate structures were examined by lectin affinity chromatography (Haselbeck et al ., 1990; Lis and Sharon, 1986) (Fig. 5) . Cells expressing S33D were pulse labeled with [35S]methionine followed by 30 min of chase such that both the 100-kD ER form and the 110-kD Golgi form of S33D were present in the cells . Similar amounts of labeled S33D were incubated with various lectin-agarose beads . The material bound to the beads was analyzed . As shown in Fig. 5 A, both the 100-and 11041) forms could be quantitatively recovered with Con A-agarose (mannose-binding lectin) (lane 2), consistent with the presence of N-linked glycans of high-mannose type in both 100-and 110-kD forms of S33D as concluded from the endo H experiment . The 110-but not the 100-kD form was also recovered from WGA-, Erythrina cristagalli, (ECA)-, Sambucus nigra (SNA)-, and Maackia amurensis (MAA)-agarose beads. Since ECA binds specifically to the Gal-01,4-G1cNac structure in N-linked glycans, this result demonstrates that the 110-kD form has been modified by trans-Golgi GT. SNA and MAA bind a-2,6-and a-2,3-linked sialic acids, respectively. Thus the 110-kD form of S33D has been modified byboth a-2,6-and a-2,3-sialyltransferases, both of which are localized to the trans-Golgi cisternae and/or TGN . These results demonstrate that S33D had been modified by glycosyltransferases of the trans-Golgi cisternae and the TGN and suggest that it is localized to the trans-Golgi cisternae and/or TGN . WGA binds both sialic acid and N-acetylglucosamine while succinylated WGA (sWGA) binds only N-acetylglucosamine (Monsigny et al., 1979 (Monsigny et al., , 1980 . The binding of 110-kD S33D to WGA but not sWGA not only confirmed the presence of sialic acid on the N-linked glycans but also demonstrated that no N-acetylglucosamine residues were exposed on the glycans . Both the 100-and the 110-kD forms of S33D failed to bind Lotusagarose, a fucose-specific lectin . This result suggests that no significant fucose residues were added to the N-linked glycans of S33D. Similar experiments performed with cells expressing S64D (Fig . 5 B) revealed that the 115-kD Golgi form of S64D binds Con A-, WGA-, ECA-, SNA , and MAA-, but not sWGA-or Lotus-agarose (identical pattern as the 110-kD form of S33D). The 115-kD form of S64D has thus been modified by both GT and sialyltransferases . The 105-kD form of S64D was quantitatively recovered from Con (10041)) and Golgi (11041)) forms were present . Similar amounts of the immunocomplex were analyzed directly (Control) or incubated with various lectin-agaroses and the bound fraction was then analyzed . (B) Lectin-binding properties of S64D. Cells expressing S64D were analyzed as described for S331). Con A, concanavalin A; sWGA, succinylated wheat germ agglutinin; WGA, wheat germ agglutinin; ECA, Erythrina cristagalli; Lotus, Lotus tetragonolobus ; SNA, Sambucus nigra; MAA, Maackia amurensis.
A-agarose beads . Interestingly, a small but detectable portion of the 105-kD form of S64D was also capable of binding WGA, ECA, and SNA (but not sWGA, Lotus, or MAA) . This observation suggests that a small fraction of the 105-kD form might have undergone modifications by 0-GT and ST, although the possibility that the observed binding of the 105-kD form of S64D to WGA, ECA, and SNA was due to nonspecific background binding could not be excluded yet . The small amount of 105-kD form present in pulse-labeled cells after 90 min of chase (Fig . 3 A, lane 5) may therefore have been transported to the Golgi apparatus . These results, taken together, suggest strongly that both S33D and S64D are localized in the trans-Golgi cisternae and/or TGN .
Taie 17-Residue Transmembrane Domain ofST Is Suff icient, or Golgi Localization
We have thus demonstrated that both S33D and S64D are predominantly present in the Golgi apparatus . Similar results were obtained for S51D, S46D, and S40D (data not shown) . These results demonstrate that the NHz-terminal 33-residue sequence of ST is sufficient for Golgi localization and that the stem region of ST (sequence from residue 34 to 63) is apparently not essential for Golgi localization . The sequence in this stem region is in fact the most divergent be-25 1 tween rat and human ST. The NH2-terminal 64-residue sequence ofhuman ST (Grundmann et al ., 1990 ) is also shown in Fig . 1 A (M) . Incontrast to the stem region, the sequence of the cytoplasmic domain is totally conserved between the rat and human ST. The transmembrane domain is also highly conserved . The sequence conservation of the cytoplasmic and transmembrane domains but not the stem region is consistent with our finding that the NH2-terminal 33-residue sequence of ST is sufficient for Golgi localization . This 33-residue sequence can be further divided into three regions : the cytoplasmic domain, the transmembrane domain, and the 7-residue sequence flanking the COOH-terminal side of the transmembrane domain. To further narrow down the sequence required for Golgi localization, an additional five chimeric cDNAs were constructed which encode fusion proteins S26D, S9D, S10-33D, S10-26D, and S27-33D (Fig. 1  B) . In vitro translation studies demonstrated that S26D, like S27D, was not anchored in the microsomal membrane (Fig.  2) . Interestingly, S10-26D, which is identical to S26D except that the ST cytoplasmic domain was replaced by that of DPPIV, was mainly (N70%) anchored in the membrane (Fig. 2) . For S26D, S27D, and S10-26D, the translocated form in the supernatant was ofa smaller size than the translocated form in the membrane, implying that the nonanchorage in the membrane of S26D, S27D, and, to a much lesser extent, SIO-26D might be due to a cleavage of (or part of) the signal/anchor sequence ofST by the signal peptidase, although this explanation will have to be verified by future experiments . Replacing the cytoplasmic domain of ST by that of DPPIV in S10-26D significantly enhanced the membrane anchorage . In connection with the results obtained with S27D and S33D (Fig. 2) , it can be concluded that the signal/anchor sequence of ST is within its NH2-terminal 33-residue sequence, comprising the 17-residue hydrophobic core and flanking hydrophilic sequences on both sides. The nature of the hydrophilic sequences on either side of the hydrophobic core significantly affect its efficiency in acting as a signal/anchor sequence. Results similar to S33D (Fig. 3) were obtained for S9D, S10-33D, and S27-33D (data not shown) . Based on these in vitro translation results, chimeric cDNAs encoding S9D, S10-33D, S10-26D, and S27-33D (S26D was not pursued further) were inserted into the pRSN expression vector and transfected into MDCK cells. The cellular localization ofthe fusion proteins was examined by indirect fluorescence microscopy. As shown in Fig . 6 , intense surface staining was detected for S9D (A) and S27-33D (C), but not for S10-33D (E) or SIO-26D (G) . When the cells were permeabilized, intense intracellular staining ofperinuclear vesicular-tubular network was observed for SIO-33D (F) and S10-26D (H), typical of the Golgi apparatus . This was further confirmed by their colocalization with intracellular WGA binding sites (data not shown) . S10-26D and S10-33D have lectin-binding properties similar to those of S33D and S64D, demonstrating the modification of their N-linked glycans by GT and sialyltransferases (data not shown) . S10-26D and S10-33D thus reside in the trans-Golgi cisternae and/or TGN .
Quantitation of the Efficiency ofGolgi Localization
To obtain quantitative data on the intracellular Golgi localization of the various fusion proteins, we used a biochemical approach to determine the levels of surface expression of respective proteins (Fig. 7) (Bretscher and Lutter, 1988; Le Bivic et al ., 1990a,b ; Low et al., 199la,b) . For convenience, we arbitrarily defined the surface expression of DPPIV as 100% . The extent of surface expression for other proteins was normalized with that ofDPPIV and defined as a percentage of surface expression . As shown, the surface expression of S33D, S64D, S10-33D, and S10-26D was between 2 and 6 % as compared with DPPIV. The loss of surface expression demonstrates that the Golgi localization signal of ST is highly effective in targeting the fusion proteins to the Golgi apparatus. In contrast, high levels of surface expression, comparable to DPPIV, were observed for S9D and S27-33D. These biochemical results are consistent with and further extend the indirect immunofluorescence data.
The Golgi Localization Signal Functions as a Retention Signal
Newly made molecules of S33D, S64D, S10-33D, and S10-26D were hardly detectable on the cell surface after 3 h of chase (Fig. 7) . In connection with the predominant Golgi staining of these proteins, these results suggest that they are specifically and efficiently retained in the Golgi apparatus . However, the possibility that they may be initially transported to the cell surface and then rapidly and effectively endocytosed and sorted to the trans-Golgi cisternae and/or TGN could not be ruled out because only a single chase point was examined. If endocytosis followed by sorting is the mechanism for their Golgi localization, a peak in surface expression should be expected during a series of chase intervals after a single pulse-labeling . Cells expressing S33D, S10-26D, and DPPIV were selected for further examination . Cells were pulse-labeled with ['SS]methionine for 30 min. After chasing for 15 min, 45 min, 90 min, 2 h, 6 h, and 22 h, cells were surface biotinylated with NHSbiotin and cell lysates were immunoprecipitated . One tenth of the immunoprecipitate served as a measure of the total amount of labeled fusion protein (1/10 Total), while nine tenths was absorbed with streptavidin-agarose to recover the biotinylated surface proteins (Surface) (Fig. 8 ) . All were initially made as the 100-kD form followed by rapid conversion into the 110-kD form, demonstrating that they were efficiently transported from the ER to the Golgi apparatus . Strong surface expression was detected for DPPIV, and an almost maximal level of surface expression was detected after 90 min of chase. Since S33D and S10-26D were transported to the Golgi apparatus as efficiently as DPPIV, a peak expression on the surface at -90 min of chase should be ex- Figure 7 . Quantitadon of the efficiency of Golgi localization . (A) Cells expressing DPPIV or the respective fusion proteins were pulselabeled with ['SS]methionine for 30 min followed by 3 h of chase. Proteins exposed on the cell surface were biotinylated with NHS-biotin . Cell lysates were immunoprecipitated with monoclonal antibodies against DPPIV. One tenth of the immunocomplex was analyzed directly and served as a measure ofthetotal amount of the respective protein (1/107). The remainingnine tenths was absorbed to streptavidin-agarose to recover the biotinylated proteins and analyzed (Surf) . This served as a measure of the amount that was expressed on the cell surface. (B) Quantitation of the results in A. The cell surface expression of each fusion protein was normalized to that of DPPIV (arbitrarily defined as 100%). Transfected cells A, B, C, D, E, F, and G represent cells expressing DPPIV, S91), S27-331, S33D, S64D, S10-331), and S10-261), respectively. pected if their Golgi localization was mediated by initial surface expression followed by specific retrieval and endocytosis. This was not observed for either S33D or S10-261. The surface expression for S33D and S10-261 was undetectable after 90 min of chase and only Nl-2%0 (normalized to DPPIV surface expression) was visible after 2 h of chase.
Longer chase up to 6 h revealed a slight increase (up to 4-6%) in surface expression for S33D and S10-2611 This was most likely due to the slight leakiness in their Golgi retention. Interestingly, surface expression was undetectable after 22 h of chase, which couldbe explained by surface degThe Journal of Cell Biology, Volume 117, 1992 radation and/or slow internalization with the bulk membrane endocytosis. These results suggest that both S33D and S10-26D are specifically retained intracellularly in the Golgi apparatus.
Discussion
The I7-Residue Transmembrane Domain of ST Is Sufcientfor Golgi Localization Previous observations have shown that the N112-terminal re-gion of ST is required for membrane anchorage and Golgi localization Jamieson, 1988, 1989; Paulson and Colley, 1989 ; Colley et al ., 1989; Weinstein et al ., 1987) . We thus constructed a series of chimeric cDNAs encoding fusion proteins in which the N112 -terminal ST sequence of different sizes were fused to the ectodomain of a cell surface protein DPPIV (Hong and Doyle, 1990; Ogato et al ., 1989; Low et al., 1991a,ó) . When expressed in transfected MDCK cells, fusion proteins bearing NHZ-terminal 64-, 51-, 46-, 40-, and 33-residue ST sequences were all localized to the Golgi apparatus as assessed by indirect fluorescence microscopy and other biochemical methods. The results with two fusion proteins, S33D and S64D, are presented in this report . Pulse-chase experiments demonstrated that both S33D and S64D wereefficiently transported from the ER to the Golgi apparatus and have passed beyond the medial-Golgi cisternae . Affinity chromatography with several lectin-agaroses demonstrated that both S33D and S64D were extensively modified by GT and ST. Since GT has been previously localized to the trans-Golgi cisternae (Roth and Berger, 1982) and ST has been localized to the trans-Golgi cisternae and TGN (Both et al ., 1985) , these results suggest that S33D and S64D are localized in the trans-Golgi cisternae and/or the TGN . Because the actual localization of ST in MDCK cells has not been established, our conclusion for the trans-Golgi cisternae and/or TGN localization of S33D and D64D is based on the assumption that ST is localized in the same compartments in MDCK cells . Our results, nevertheless, demonstrated that S33D and S64D are localized in the Golgi subcompartments in which they have extensive interaction with endogenous GT and ST. Since S33D and S64D (as well as S51D, S46D, and S40D) were localized to the Golgi apparatus with comparable efficiencies, it was concluded that the N112-terminal 33-Wong et al . Signal for Golgi Retention Figure 8 . S33D and S10-26D are predominantly retained intracellularly. Cells expressing DPPIV, S33D, or S10-26D were pulse-labeled with [35S]methionine for 30 min followed by a series of chase intervals as indicated . The cell surface proteins were biotinylated at each chase point . Cell lysates prepared from each chase interval were immunoprecipitated . One tenth of the immunocomplex was analyzed as a measure of total newly made protein (1/10 Total) . The remaining nine tenths was absorbed to streptavidinagarose to recover the surface biotinylated proteins as a measure of surface expression (Surface) . Intense surface expression was detected for DPPIV while the surface expression ofthe two fusion proteins was hardly detectable .
residue ST sequence is sufficient for Golgi localization and that the stem region from residues 34 to 64 is not required for Golgi localization .
The N112-terminal 33-residue sequence was further divided into three regions : the 9-residue cytoplasmic domain, the 17-residue transmembrane domain, and the 7-residue sequence flanking the COOH-terminal side of the transmembrane domain . More chimeric cDNAs were thus constructed encoding additional fusion proteins. The transmembrane domain alone (in S10-26D) or in combination with its 000H-terminal flanking sequence (in S10-33D) could confer Golgi localization, while the cytoplasmic domain alone (in S9D) or the COOH-terminal flanking sequence alone (in S27-33D) was not capable of conferring Golgi localization . These results thus demonstrate that the 17-residue transmembrane domain of ST is sufficient for Golgi localization . Further characterization of the fusion protein S10-26D by lectin affinity chromatography demonstrated thatthe 17-residue sequence can confer the same Golgi subcompartment localization as the NHZ-terminal 33-and 64-residue sequence of ST.
Recently, a common peptide stretch was described for Golgi-localized glycosyltransferases (Bendiak, 1990) . This stretch (Ser-Gln-Glu-Lys) is located between residues 46 and 51 (residue 47-50) in ST. Our results clearly demonstrate that this stretch is not critical for Golgi localization. Furthermore, the sequence of this stretch is not conserved in the human ST (Ser-Leu-Gly-Lys) (Grundmann et al ., 1990) . Since glycosyltransferases are localized to distinct subcompartments of the Golgi apparatus, it is hard to envision a common sequence for distinct subcompartment localization . Further studies with other glycosyltransferases will reveal the structural features required for localization to other subcompartments of the Golgi apparatus .
Since our study involved extensive "Cut-and-Paste ex-periments for the fusion of domains derived from two different proteins, one may argue that conformational changes might have contributed to the results observed in our system . This seems highly unlikely because the chimeric proteins were transported from the ER to the Golgi apparatus as efficiently as normal DPPIV and were modified by enzymes in all subcompartments of the Golgi apparatus. If there was any conformational abnormality, the fusion proteins would have been retained in the ER and/or pre-Golgi compartments. Many misfolded chimeric proteins have been described and all failed to be transported beyond the cis-face of the Golgi apparatus (Rose and Doms, 1988) . Furthermore, preliminary experiments have shown that all the fusion proteins possessed similar enzymatic activity as the normal DPPIV, suggesting no global conformational change in the ectodomain of DPPIV in the chimeric proteins . Additional experiments demonstrated that the Golgi localization of the chimeric proteins by the ST transmembrane domain is a specific event, because the replacementof the transmembrane domain of DPPIV by that of another type II surface protein resulted in a chimeric protein that was transported to the cell surface (data not shown) .
The 17-Residue T ansmembrane Domain Functions as a Retention Signal
The Golgi localization of the fusion proteins could be mediated by their specific retention in the Golgi subcompartment (in this case, the Golgi localization signal functions as a retention signal). Alternatively, they could be initially transported to the cell surface followed by their efficient retrieval and transcytosis back to the final Golgi localization . To distinguish between these two possibilities, we used the membrane-impermeable reagent NHS-biotin to selectively tag the proteins present on the cell surface after a single pulse and several chase intervals. The biotinylated proteins were specifically recovered by absorption to streptavidin-agarose and served as a measure of surface expression . Efficient surface expression of DPPIV was detected . Studies with S33D and S10-26D demonstrated that they were hardly detectable on the cell surface. These results established that the majority of S33D and S10-26D were specifically retained in the Golgi apparatus and that the 17-residue transmembrane domain of ST functions as a retention signal for the Golgi subcompartment.
Transmembrane Domain-mediated Subcellular 7brgeting
Our studies demonstrated that the membrane-spanning region of ST, in addition to its passive role in membrane anchorage, plays a dominant role in Golgi retention. Our observations raised the question of whether the transmembrane domains of other glycosyltransferases play similar roles in specifying their subcompartment Golgi localization . Comparison of the primary sequences of GT revealed that the entire transmembrane domain is identical in human and bovine and that 19 of the 20 residues in the transmembrane domain are also conserved in mouse (DAgostaro et al ., 1989 ; Masri et al ., 1988 ; Russo et al ., 1990 ; Shaper et al., 1988) . Furthermore, the sequence of the transmembrane domain of NTI is totally conserved between human and rabbit (Kumar et al ., 1990 ; Sarkar et al ., 1991) . The high degree of conser-
The Journal of Cell Biology, Volume 117, 1992 vation in the transmembrane domain sequence of GT and NTI suggests that they might also be involved in other functions in addition to their role in membrane anchorage. Whether the transmembrane domain of GT and/or NTI is similarly involved in Golgi localization needs further investigation . Our recent studies with NTI suggest that its transmembrane domain is indeed involved in Golgi localization (Tang et al ., 1992) . The sequence of the trans-membrane domain varies greatly between ST, GT, and NTI, and this sequence divergence of the transmembrane domain among different glycosyltransferases might be related to their distinct subcompartment localization in the Golgi apparatus. Further studies will shed more light on this issue. The Golgi localization specified by the transmembrane domain of ST could potentially be mediated by two different but related mechanisms . The membrane spanning domain may interact with specific lipid components (or specific lipid microenvironment) in the Golgi membrane . This interaction may immobilize the proteins in a particular microdomain in the membrane. Proteins in this microdomain may be specifically prevented from entry into the budding vesicles for subsequent transport. Alternatively, the transmembrane domain may interact with a specific membrane-spanning region of other proteins that are already immobilized in the Golgi membrane through unknown mechanisms. Furthermore, interaction of the transmembrane domains among different molecules of ST (self interaction) induced by the Golgi environment may also be involved . At present, we are unable to propose a detailed molecular mechanism to explain the Golgi localization mediated by the ST transmembrane domain . Future studies with point mutations in the ST transmembrane domain and other glycosyltransferases will enable us to gain more understanding about the cellular targeting mediated by the transmembrane domain .
Cellular localization determined by a membrane anchoring region has been described for other proteins. Recent studies have established that the GPI lipid anchor functions as a targeting signal for the apical plasma membrane domain in epithelial cells Lisanti et al., 1989) . Furthermore, the transmembrane domain of the T cell antigen receptor a-subunit has been sown to be sufficient for ER degradation and subunit assembly of the T cell antigen receptor (Bonifacino et al ., 1990) . Studies with the El protein of avian coronavirus infectious bronchitis virus, a cisGolgi protein (Machamer et al ., 1990) , demonstrated that the first of its three transmembrane domains is necessary and sufficient for Golgi localization (Machamer and Rose, 1987 ; Swift and Machamer, 1991) , although different results were obtained with the El protein of another coronavirus (mouse hepatitis virus A59) (Armstrong et al ., 1990 ; Armstrong and Patel, 1991) . These observations suggest that the subcellular destination of some integral membrane proteins is signaled by their membrane-spanning regions.
During the review of this manuscript, two papers were published which demonstrated that the membrane-spanning domain of GT (Nilsson et al ., 1991) and the transmembrane domain and its flanking sequences of ST (Munro, 1991) could specify Golgi localization . Although similar conclusions were reached by Munro in his study, there were a few significant differences in the approach and results presented from our study. (a) Munro used a transient expression system in COS cells while our study was performed in stably transfected MDCK cells. (b) Our results clearly demonstrate that the 17-residue transmembrane domain itself was sufficient for Golgi localization of the chimeric protein and its flanking sequences did not contribute much to the efficiency of Golgi localization . This difference could be due to the different expression systems used and the fact that our chimeric proteins were derived from two well-defined cellular proteins of the same membrane topology while those in Munro's study involved a tripartite fusion among three proteins. (c) In addition to confirming biochemically the Golgi localization of the chimeric proteins, we also used surface biotinylation to demonstrate that the Golgi-localizedchimeric proteins were not initially transported to the cell surface followed by recycling back to the Golgi, providing the first evidence that they were selectively retained in the Golgi complex.
